Abstract. Using the Becke-3-LYP functional, we have performed band structure calculations on the high temperature superconductor parent compound, La 2 CuO 4 . For the restricted spin paramagnetic case (ρ ↑ = ρ ↓ ), the B3LYP band structure agrees well with the standard LDA band structure. It has a metallic ground state with a single Cu give exactly the same ground state energy and total density, this large disparity in energy reflects the inadequacy of current functionals for describing the cuprates. It seriously calls into question the use of any present-day restricted spin density functional band structure (including LDA) as a basis for single band theories of superconductivity in these materials.
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INTRODUCTION
Almost immediately following the discovery of the superconducting cuprates (e.g. was not immediately apparent that a more complicated band picture was consistent with the experimental data either. Unresolved was the difficult question of how to describe the doped state of the superconductor which appears to produce a Fermi surface in the Brillouin zone of the single unit cell. 9 Removing electrons from a rigid band structure may be appropriate with the standard metallic state, but this procedure is less clear when starting from the undoped spin polarized insulating band structure in the reduced Brillouin zone (doubled unit cell). Thus, the LDA band structure has remained the de facto standard in the field to this day.
In this work, we revisit the DFT band structure using the Becke-3-Lee-Yang-Parr (B3LYP) functional. 10 The superiority of this functional in describing molecular systems is well documented, but it is still relatively little used in band structure theory because it requires computation of the exact Hartree-Fock exchange. We find an AF B3LYP band structure in agreement with the results cited above, assuaging doubts about that work and confirming once again the significance of Cu z 2 /O ′ p z character at the Fermi level. Most importantly, the AF state is found to be 1.0 eV per formula unit more stable than the PM state. Considering the Hohenberg-Kohn theorem 11 requires the exact spin restricted and spin unrestricted total densities and total energies to be equal, this discrepancy reveals a serious flaw in current functionals (B3LYP and LDA). Use of the LDA band structure to justify single band models of superconductivity in the cuprates is therefore highly questionable.
RESULTS AND DISCUSSION
Calculations were performed using CRYSTAL98 12 which employs an atomic Gaussian In Figure 1 , we present the results of our LDA and B3LYP calculations with restricted spin and tetragonal symmetry. The results meet our basic expectations of the PM state.
The LDA band structure is in excellent agreement with previous plane wave calculations 1−3 and there is little difference with the B3LYP band structure result. Both methods find the only band crossing the Fermi level is the highly 2-D x 2 − y 2 band. The next band (z 2 ) is more than 1 eV below the Fermi level.
An analysis of the density of states (Figure 2) Finally, the lack of antiferromagnetic order is clearly a major shortcoming.
In Figure 3 , we present results of unrestricted spin (UB3LYP) calculations using an orthorhombic unit cell. The combination of a spin functional and a doubled unit cell allows for a possible spin polarized solution. Indeed, an AF state with a gap of 2.0 eV is found. The band dispersion is in excellent agreement with previously published DFT band structures for this AF state, 6−8 and the computed gap agrees with the measured gap.
5
Unlike previous attempts though, this band structure was arrived at unambiguously using a well established functional. No empirical corrections were necessary. While no comparison of the relative stabilities of the LDA PM state and the SIC-LSD (or LSDA+U) AF state has been previously reported, with these calculations a comparison is rather straightforward.
Perhaps surprisingly, we find the UB3LYP AF state is 1.0 eV per formula unit more stable than the B3LYP PM state.
This added stability of the AF state is associated with a stabilization of the x 2 − y 2 band with respect to the other bands. In Figure 4 , we show the density of states for the AF state. From this we characterize the nature of the undoped hole as 56% As many have argued elsewhere, a major problem with DFT calculations on the PM state is that they don't properly describe the correlations between spins on neighboring sites. While that is clearly a concern, a larger problem is that when the ↑ and ↓ spin densities are constrained to be the same, as they are in the PM state, the on-site Coulomb repulsion between spins is overestimated within the half-occupied metallic band. These calculations do not represent a spin-disordered state where each site can have a spin of either ↑ or ↓; they represent a spin-averaged state where each site is non-magnetic. This leads to an on-site repulsion between ↑ spins and ↓ spins which is inappropriate in these strongly correlated systems.
A classic example of the problems that occur with these functionals is the dissociation of H 2 . At equilibrium distances, the molecule is well described by closed-shell LDA or B3LYP functionals. However, at the dissociation limit the ionic component (H + + H − ) is not entirely eliminated and the energy is calculated to be too high with respect to two H atoms. Only calculation of either the triplet state or the symmetry broken unrestricted spin state allows the formation of magnetic moments on each H atom and a proper description of dissociation. This difference should not be considered a failure of molecular orbital theory or even density functional theory. Instead, it is a failure of the empirical functionals that have been developed so far.
By analogy, the FM state of undoped La 2 CuO 4 (where each site has a pure ↑ spin)
is well described as is the the AF state (where each site has either a pure ↑ or a pure ↓ spin). For the spin disordered PM state (each site is 50% ↑ AND 50% ↓), this is not the case. The error is manifested not just in the total energy. The band dispersion is affected as well. In particular, the x 2 − y 2 band is elevated relative to the other bands as a result of the improper on-site Coulomb repulsion associated with the Cu x 2 − y 2 /O p σ orbital.
Removing this repulsion through the localization of spins in either the FM or AF states stabilizes the band, such that an increase in z 2 character near the top of the valence band is then observed.
While it may be tempting to conclude that Fermi liquid theory has failed for these materials, a simpler answer might just be that LDA has failed. The calculations presented here demonstrate the shortcomings of these methods and suggest possible solutions. Elsewhere, we have already incorporated the spin correlation described in this paper into a simple tight binding model for the PM state. We wish to acknowledge helpful discussions with Dr. Francesco Faglioni and Dr.
Eugene Heifets. 
